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Background: Compositional and morphological features of carotid atherosclerotic plaques provide comple-
mentary information to luminal stenosis in predicting clinical presentations. However, they alone cannot
predict cerebrovascular risk. Mechanical stress within the plaque induced by cyclical changes in blood
pressure has potential to assess plaque vulnerability. Various modeling strategies have been employed to
predict stress, including 2D and 3D structure-only, 3D one-way and fully coupled ﬂuid-structure interaction
(FSI) simulations. However, differences in stress predictions using different strategies have not been assessed.
Methods: Maximum principal stress (Stress-P1) within 8 human carotid atherosclerotic plaques was
calculated based on geometry reconstructed from in vivo computerized tomography and high resolution,
multi-sequence magnetic resonance images. Stress-P1 within the diseased region predicted by 2D and 3D
structure-only, and 3D one-way FSI simulations were compared to 3D fully coupled FSI analysis.
Results: Compared to 3D fully coupled FSI, 2D structure-only simulation signiﬁcantly overestimated stress
level (94.1 kPa [65.2, 117.3] vs. 85.5 kPa [64.4, 113.6]; median [inter-quartile range], p¼0.0004). However,
when slices around the bifurcation regionwere excluded, stresses predicted by 2D structure-only simulations
showed a good correlation (R2¼0.69) with values obtained from 3D fully coupled FSI analysis. 3D structure-
only model produced a small yet statistically signiﬁcant stress overestimation compared to 3D fully coupled
FSI (86.8 kPa [66.3, 115.8] vs. 85.5 kPa [64.4, 113.6]; po0.0001). In contrast, one-way FSI underestimated
stress compared to 3D fully coupled FSI (78.8 kPa [61.1, 100.4] vs. 85.5 kPa [64.4, 113.7]; po0.0001).
Conclusions: A 3D structure-only model seems to be a computationally inexpensive yet reasonably accurate
approximation for stress within carotid atherosclerotic plaques with mild to moderate luminal stenosis as
compared to fully coupled FSI analysis.
& 2014 The Authors. Published by Elsevier Ltd.
1. Introduction
Carotid atherosclerotic disease is responsible for 25–30% of all
strokes (Levy et al., 2008). Currently, luminal stenosis is the only
validated diagnostic criterion for risk stratiﬁcation, but this criterion
becomes less reliable in patients with mild to moderate stenoses
that underlie the majority of clinical events (Barnett et al., 1998;
Rothwell et al., 2003). A ‘vulnerable’ carotid atherosclerotic plaque
(i.e. one likely to rupture and cause a stroke) is characterized by the
presence of plaque hemorrhage (PH), a large lipid-rich necrotic core
(LRNC), and ﬁbrous cap (FC) rupture. These compositional and
morphological features provide complementary information to
luminal stenosis in predicting clinical presentations in both symp-
tomatic (Altaf et al., 2008; Eliasziw et al., 1994; Sadat et al., 2010)
and asymptomatic (Singh et al., 2009; Takaya et al., 2006) patients.
However, although 60% symptomatic patients exhibit PH or FC
rupture at baseline (Gao et al., 2007; Milei et al., 2003), only about
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15% will experience a recurrent event at 1 year (U-King-Im et al.,
2009). It is thus clear that plaque composition detected by imaging
alone cannot predict future cerebrovascular risk, and additional
analyses or biomarkers are required.
Under physiological conditions, carotid plaques are subjected
to mechanical loading from pulsatile blood pressure. FC rupture
may occur when this loading exceeds its material strength. Indeed,
plaques with high mechanical stress concentrations are associated
with ﬁssuring in both coronary (Richardson et al., 1989) and
carotid (Sadat et al., 2010; Tang et al., 2009b) plaques. As a
consequence, many studies have tried to predict mechanical stress
within the plaque structure (Bluestein et al., 2008; Kiousis et al.,
2009; Kock et al., 2008; Leach et al., 2010; Lee et al., 2004; Tang
et al., 2004), and to assess its clinical signiﬁcance (Gao et al., 2011;
Sadat et al., 2011; Zhu et al., 2010). However, atherosclerotic
plaques are multi-component structures with irregular geometries
and highly non-linear material properties, and plaques undergo
large deformations due to pulsatile blood pressure; it is therefore
challenging to predict mechanical loading within the structure.
Different computational strategies have been employed to exam-
ine plaque stress, including 2 dimensional (2D) structure-only
(Kaazempur-Mofrad et al., 2003; Sadat et al., 2010; Tang et al.,
2009a; Zhu et al., 2010), 2D longitudinal ﬂuid-structure interaction
(FSI) (Kock et al., 2008; Thrysoe et al., 2010), 3 dimensional (3D)
structure-only (Kiousis et al., 2009; Teng et al., 2011), 3D one-way
(Gao and Long, 2008; Gao et al., 2009) and fully coupled FSI
(Bluestein et al., 2008; Leach et al., 2010; Tang et al., 2009b; Teng
et al., 2013). However, differences in assessing mechanical stress
within carotid atherosclerotic plaques using different computa-
tional strategies have not been comprehensively analyzed (Ohayon
et al., 2005; Tang et al., 2009a, 2008; Yang et al., 2007). This study
assessed maximum principal stress (Stress-P1) obtained from
4 commonly used strategies in patient-speciﬁc modeling, namely
2D structure-only, 3D structure-only, 3D one-way and fully
coupled FSI analysis.
2. Material and methods
2.1. Data acquisition
Computerized tomography (CT) and electrocardiograph-gated, high-resolution,
multi-sequence in vivo magnetic resonance (MR; Fig. 1) images were obtained from
8 patients with symptomatic carotid atherosclerotic disease. Patient demographic
details are listed in Table 1. Images were acquired at Addenbrooke0s Hospital (a
university teaching hospital), Cambridge, UK using a previously published protocol
(Teng et al., 2013). The research study was approved by the Cambridge Regional Ethics
Committee and patients gave written, informed consent. In brief, the following MR
sequences were used: T1-weighted (repetition time/echo time: 1RR/7.8 ms); Proton
Density (PD)-weighted (repetition time/echo time: 2RR/7.8 ms); T2-weighted (repe-
tition time/echo time: 2RR/85 ms); and short tau inversion recovery (STIR) (repeti-
tion time/echo time/inversion time: 2RR/42 ms/150 ms); the ﬁeld of view was
100100 mm2 and matrix size 256256. Multi-detector CT angiography acquisition
was performed either on a 16 or 64-section multi-detector CT scanner (Siemens
Somatom Sensation 16 or 64, Siemens Medical Solutions, Germany). Scanning started
after a 25-s delay following non-ionic contrast administration of Iopamidol (Niopam
300; Bracco Diagnostics, Rome, Italy). CT parameters settings included: tube voltage
120 kV; tube current 220–256 mA; rotation time 0.33 s (64-section) or 0.5 s
(16-section); 0.6/0.8 mm slice thickness with 0.3/0.4 mm increment; matrix
512512; ﬁeld of view 190–210 mm. Co-registration of CT and MR images was
undertaken with reference to the carotid bifurcation, and considering the slice
thickness (slice thickness of MRI was 3 mm and 0.6–0.8 mm for CT) and luminal
shape. Plaque atherosclerotic components, including FC, lipid, calcium and PH were
manually segmented using CMRTools (London, UK).
2.2. Plaque geometry reconstruction
Under physiological conditions, the plaque is pressurized and axially stretched.
An appropriate computational starting shape needs to be determined to accurately
predict stress distribution (de Putter et al., 2007; Huang et al., 2009). In this study, a
patient-speciﬁc shrinkage procedure was employed to process the segmented
plaque contour to obtain the computational starting shape both for 2D (Huang
et al., 2011; Tang et al., 2009a) and 3D (Huang et al., 2009; Tang et al., 2009b)
analyses. 2D slices were stacked together and axially interpolated using a cubic
spline function to reconstruct the 3D plaque geometry. A component-ﬁtting mesh
generation technique was used to generate structured mesh for these models (Tang
et al., 2009b). In brief, the 3D geometry was divided into many small six-face
volumes and the entire structure was meshed using hexahedron elements to deal
with models involving highly non-linear material properties and large deformation.
2.3. Finite element simulation
The arterial wall and all plaque components were assumed to be hyperelastic,
isotropic, incompressible, and piecewise homogeneous. The modiﬁed Mooney–
Rivlin formulation was used to describe the material property of each component,
W ¼ c1ðI13ÞþD1½expðD2ðI13ÞÞ1
where I1 is the ﬁrst strain invariant, and c1, D1 and D2 are material parameters from
earlier studies (Yang et al., 2007): vessel material, c1¼36.8 kPa, D1¼14.4 kPa,
D2¼2; FC, c1¼73.6 kPa, D1¼28.8 kPa, D2¼2.5; LRNC, c1¼2 kPa, D1¼2 kPa,
D2¼1.5; calcium, c1¼368 kPa, D1¼144 kPa, D2¼2.0; loose matrix, c1¼18.4 kPa,
D1¼7.2 kPa, D2¼1.5; connective tissue, c1¼29.4 kPa, D1¼11.5 kPa, D2¼1.5; fresh
PH, c1¼1 kPa, D1¼1 kPa, D2¼0.25 and chronic PH, c1¼9 kPa, D1¼9 kPa, D2¼0.25.
The deformation of each atherosclerotic component was governed by the
Cauchy momentum equation,
ρs €U ¼ ∇Ur
where U is the displacement vector, r is the stress tensor and ρs is the density of
each component.
For both 2D and 3D structure-only models, a single data set of blood pressure
waveform, which was scaled according to the diastolic and systolic pressures of
each patient, was used to apply over the lumen contour/surface. In addition, the
assumption of plane strain was used in 2D structure-only simulations.
In 3D FSI simulation, the blood ﬂow was assumed to be laminar, Newtonian,
viscous, and incompressible. A no-slip condition between ﬂuid and the vessel wall
was applied. The incompressible Navier–Stokes equations with an arbitrary
Lagrangian–Eulerian formulation were used as the governing equation,
ρb
∂v
∂t
þρb½ðvvgÞU∇v¼ ∇pþμ∇2v
where v is the ﬂow velocity, vg is the mesh velocity, p is the pressure, and μ and ρb
stand for blood viscosity and density, respectively. For simplicity, constant material
properties were used in this study, with μ¼4103 Pa s and ρb¼1000 kg/m3. The
loading condition for the ﬂuid domain was
pjinlet ¼ pinðtÞ; pjoutlet ¼ pout ðtÞ;
with pressure waveforms shown in Fig. 2. In the one-way FSI simulation, the ﬂuid
model was solved ﬁrst and the obtained pressure was then transferred to the solid
domain as the external loading, and structural stress was calculated accordingly.
There was no further iteration between the ﬂuid and solid domains. In contrast,
non-linear incremental iterative procedures were used to handle the interaction
between these two domains in the fully coupled FSI analysis (Adina R & D Inc,
2009).
For all types of models, the computational simulation was performed using the
commercial ﬁnite element package ADINA8.6.1 (ADINA R&D Inc, USA) and 5% pre-
axial stretch (Holzapfel et al., 2000, 2005) was applied for all 3D analyses.
A connective region was added between the internal and external carotid arteries,
which mimics the supporting tissue in human body and minimizes the bending
effect caused by the pre-axial stretch.
2.4. Data analysis
Stress-P1 within the plaque structure was computed and its peak value over
the diseased region was used for analysis. Data normality was assessed by Shapiro–
Wilk test. A two-tailed paired t test was used for normally distributed data and a
two-tailed Wilcoxon matched pair test for non-normal data. Data are presented as
mean7standard deviation (SD) and median [inter-quartile range (IQR)], respec-
tively. A signiﬁcant difference was assumed if po0.05.
3. Results
Results obtained were assessed against 3D fully coupled FSI
as the gold standard. 2D structure-only simulations resulted
in a signiﬁcant stress overestimation (94.1 kPa [65.2, 117.3] vs.
85.5 kPa [64.4, 113.6], p¼0.0004) with wide scattering near
the bifurcation region (Figs. 3 and 4a). If results obtained from
slices around the bifurcation region were excluded, stress
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predicted by 2D structure-only simulations showed a good corre-
lation (R2¼0.69) with the value obtained from 3D fully coupled FSI
analyses (Fig. 5).
The 3D models, including 3D structure-only, one-way FSI and
fully coupled FSI analysis demonstrated a good qualitative agree-
ment in predicting stress within the plaque structure (Fig. 4b and
c). The 3D structure-only model produced a small yet statistically
signiﬁcant overestimation of stress levels (86.8 kPa [66.3, 115.8] vs.
85.5 kPa [64.4, 113.6], po0.0001 (Fig. 4b)). In contrast, one-way
FSI underestimated stress levels (78.8 kPa [61.1, 100.4] vs. 85.5 kPa
[64.4, 113.7], po0.0001 (Fig. 4c)).
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Fig. 1. Carotid atherosclerotic plaque images (72-year old, female). CT (upper panels), T1-weighted MR images (middle panels) and corresponding segmented contours
(lower panels). (Red asterisk¼ lumen). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 1
Patient demographic details (n¼8).
n
(%)/Mean7SD
Sex(Male) 5(62.5)
Age 64.4710.6
Diastolic pressure(mmHg) 83.9718.4
Systolic pressure(mmHg) 143.8729.8
Heart rate(/minute) 72.5710.4
Hypertension 5(62.5)
Atrial ﬁbrillation 0(0)
Ischemic heart disease 2(25.0)
Diabetes 0(0)
High cholesterol 4(50.0)
Peripheral vascular disease 1(12.5)
Previous TIA/Stroke 3(37.5)
Aspirin used before
recruitment
5(62.5)
ECST deﬁned stenosis (%) 54.6713.8
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Fig. 2. Waveform of pressure at the inlet and outlet. Pressure conditions speciﬁed
at the inlet and outlet as a function of time. For each patient, the waveform was
scaled according to the pressure at diastole and systole.
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4. Discussion
The numerical accuracy and reliability of fully coupled FSI
analysis have been previously demonstrated and validated, show-
ing good agreement with both analytical solutions (Huang, 2009)
and experimental data (Tang et al., 2003). Therefore, results
obtained from fully coupled FSI models were used as the gold
standard for the assessment of other numerical approaches.
In this study, we found a large difference (24.3% [11.9%, 41.4%]) in
stress predicted by 2D models compared to 3D fully coupled FSI
models. Moreover, the location predicted by the 2D model where
high stress concentrations appeared was different from that pre-
dicted by 3D models. Our ﬁndings are consistent with those by
Ohayon et al. (2005) based on one patient data set, who found that
2D structure-only orthotropic elastic models failed to predict the
location of rupture accurately, whilst the 3D model showed much
better agreement. These investigators also found that the 2D
simulations overestimated peak wall stress by over 70% compared
to the 3D model (Ohayon et al., 2005). A similar phenomenon was
observed by Tang et al. (2009a, 2008) from two carotid plaques,
who found a similar pattern of stress distribution between 2D
structure-only and 3D fully coupled FSI models (Tang et al. 2009a,
2008), despite 3D FSI demonstrating a much higher stress through-
out the structure (Tang et al., 2008). In contrast, in a different study
the same authors found that 2D structure-only models overesti-
mated stress around the luminal region (Huang et al., 2009). In
addition to the overall overestimation, we also found that 2D
structure-only models had a wider scatter of prediction error near
the bifurcation region (Fig. 4a). When results in the bifurcation
region were excluded, the stress predicted by 2Dmodels had a good
correlation with 3D fully coupled FSI models (Fig. 5). The relatively
poor performance of 2D structure-only models arose as a result of
the over-simpliﬁcation of the biomechanical scenario (Ohayon et al.,
2005; Tang et al., 2008). Firstly, the lack of axial tissue bounding and
117.3 kPa 193.7 kPa 126.7 kPa 127.9 kPa 
Fig. 3. Comparison of plaque wall stress on a transverse slice. Stress-P1 predicted by 3D fully coupled FSI (a), 2D structure-only (b), 3D one-way FSI (c) and 3D structure-only
(d) models. Unit: kPa.
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Fig. 4. Comparison of stresses. Bland-Altman plots comparing stress predicted by various modeling strategies with 3D fully coupled FSI models for (a) 2D structure-only,
(b) 3D structure-only or (c) 3D one-way FSI. The vertical axes show the percentage error and the horizontal axes show the slice position to the bifurcation.
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support in 2D models could lead to unrealistic deformations, which
further resulted in a scattered distribution (in most cases an
overestimation due to large deformations) of stress level. Secondly,
the assumption of plane strain would require the cross-sectional
plane morphology to be very similar; so that strains in the third
direction could be constrained by nearby material. However this
assumption was often inappropriate and sometimes severely
violated due to the plaque heterogeneity and axial curvature
changes.
We found that 3D structure-only models demonstrated only a
small albeit statistically signiﬁcant difference (2.2% [0.7%, 5.7%]) of
stress levels compared to 3D fully coupled models. Considering the
much-reduced computational cost, this indicates that 3D
structure-only models can provide a temporally efﬁcient yet still
accurate approximation of a fully coupled FSI. As shown in Fig. 4b,
the agreement between 3D structure-only and fully coupled FSI
was better in the proximal than the distal region, with a gradual
change towards overestimation of critical stress (po0.0001)
proximal to distal. This reﬂects one of the major limitations of
3D structure-only models, which neglect the axial pressure drop
throughout the artery. The pulsatile blood pressure, being the only
loading applied to the 3D structure-only models, dominates the
deformation and stress distributions within the plaque. Therefore,
neglecting the axial pressure drop would over-inﬂate the structure
and lead to the gradual overestimation of stress levels. As all
plaques involved in this study demonstrated moderate degrees of
luminal stenosis, the pressure gradient across these plaques was
relatively small. However a signiﬁcant pressure drop may occur
across a plaque with severe stenosis (Yang et al., 2007) and 3D
structure-only models may therefore lead to poor predictions
under such circumstances.
One-way FSI can be regarded as a simpliﬁed method of a fully
coupled FSI. Compared to 3D structure-only analysis, one-way FSI
incorporates the ﬂow information without performing iterations
between the ﬂuid and solid domains. However, one of the key
underlying assumptions of one-way FSI is that the structural deforma-
tion should be nearly negligible. This assumption may be severely
violated in analyses involving highly-deformable biological tissues,
including atherosclerotic plaque. Fig. 6 compares the pressure at the
boundary between ﬂuid and solid domains at systole. It can be seen
that the assumption of rigid wall in one-way FSI leads to a lower
pressure proﬁle in the majority of ﬂuid domains. The arterial elasticity
allows radial distension of the vessel, which reduces the resistance to
ﬂow according to Poiseuille0s Law. Moreover, the deformable conduit
acts as a capacitor when subject to pulsatile ﬂow, which also modiﬁes
the ﬂow characteristics. Therefore, a rigid vessel model will over-
estimate the pressure drop of blood ﬂow and hence underestimate the
pressure proﬁle. This pressure proﬁle, used as the loading condition of
structural simulation, consequently results in a difference of wall stress
by 7.4% [3.6%, 14.3%] compared to 3D fully coupled FSI.
Despite the drawbacks of oversimpliﬁcation of plane strain and
absence of ﬂow-induced pressure changes, 2D plaque models
require minimal pre-processing from histological or imaging slices
to numerical models. The technique is much easier to implement
compared to 3D modeling, and has been used extensively in clinical
atherosclerosis studies to identify the rupture site (Richardson et al.,
1989), investigate high-risk features (Huang et al., 2001; Sadat et al.,
2011), differentiate patient groups (Sadat et al., 2011) and correlate
with biological activity (Howarth et al., 2007; Lee et al., 1996). As
discussed previously, if 2D structure-only modeling is used, the
bifurcation region should be excluded from the analysis. 3D
structure-only models can be reconstructed from interpolation of
a stack of delineated image slices (Nieuwstadt et al., 2013; Ohayon
et al., 2005). Such models allow better description of plaque
geometry and hence more reliable prediction of stress and strain.
In addition, this technique does not require the assumption of plane
strain, and anisotropic properties, such as ﬁber orientation, can be
incorporated into the model (Gasser and Holzapfel, 2007). In reality,
the deformable plaque and the internal pulsatile blood ﬂow
inﬂuence each other assembling a typical environment of FSI.
Therefore, 3D fully coupled FSI is believed to be the most accurate
modeling strategy for the assessment of plaque vulnerability.
However, it should be emphasized that residual stress within the
plaque structure could affect the stress level signiﬁcantly (Ohayon
et al., 2007); this has been ignored in most studies as it is not
measureable using current non-invasive techniques.
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Fig. 5. Stress correlation. Correlation between stresses predicted by 2D structure-
only and 3D fully coupled FSI models.
Fig. 6. Pressure in ﬂuid domain. Comparison of predicted ﬂow-induced pressure at
the boundary between ﬂuid and solid domains in (a) 3D fully coupled FSI and
(b) 3D one-way FSI models at systole. Despite the same pressure-speciﬁed
boundary condition, the 3D one-way FSI model showed a much faster pressure
drop in the proximal region. Unit: kPa.
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In conclusion, four different modeling strategies (2D structure-
only, 3D structure-only, 3D one-way and fully coupled FSI) were
compared in patient-speciﬁc plaque models. 2D simulations
yielded the poorest performance with a signiﬁcant overestimation
of plaque stress. 3D structural models showed good qualitative
and quantitative agreement with the 3D fully coupled FSI, and are
recommended as computationally inexpensive yet accurate
approximations of fully coupled FSI analysis for plaques with mild
to moderate stenoses.
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